Myeloperoxidase, released by activated phagocytes, forms reactive oxidants by catalysing the reaction of halide and pseudohalide ions with H 2 O 2 . These oxidants have been linked to tissue damage in a range of inflammatory diseases. With physiological levels of halide and pseudo-halide ions, similar amounts of HOCl (hypochlorous acid) and HOSCN (hypothiocyanous acid) are produced by myeloperoxidase. Although the importance of HOSCN in initiating cellular damage via thiol oxidation is becoming increasingly recognized, there are limited data on the reactions of HOSCN with other targets. In the present study, the products of the reaction of HOSCN with proteins has been studied. With albumin, thiols are oxidized preferentially forming unstable sulfenyl thiocyanate derivatives, as evidenced by the reversible incorporation of 14 C from HOS 14 CN. On consumption of the HSA (human serum albumin) free thiol group, the formation of stable 14 C-containing products and oxidation of tryptophan residues are observed. Oxidation of tryptophan residues is observed on reaction of HOSCN with other proteins (including myoglobin, lysozyme and trypsin inhibitor), but not free tryptophan, or tryptophan-containing peptides. Peptide mass mapping studies with HOSCN-treated myoglobin, showed the addition of two oxygen atoms on either Trp 7 or Trp 14 with equimolar or less oxidant, and the addition of a further two oxygen atoms to the other tryptophan with higher oxidant concentrations ( 2-fold). Tryptophan oxidation was observed on treating myoglobin with HOSCN in the presence of glutathione and ascorbate. Thus tryptophan residues are likely to be favourable targets for the reaction in biological systems, and the oxidation products formed may be useful biomarkers of HOSCN-mediated protein oxidation.
INTRODUCTION
Peroxidase enzymes play an important role in mammalian defence mechanisms by catalysing the formation of oxidants that act as potent antibacterial agents (reviewed in [1] ). MPO (myeloperoxidase) and EPO (eosinophil peroxidase) are released by activated phagocytes [2, 3] , whereas LPO (lactoperoxidase) is an antimicrobial agent in milk, saliva and tears [4] . However, excessive or misplaced generation of oxidants by peroxidases, particularly MPO and EPO, is believed to contribute to the progression of a number of diseases, including atherosclerosis, chronic inflammation, asthma and some cancers (reviewed in [1] ).
It is well-established that MPO and EPO utilize chloride ions (Cl − ) and bromide ions (Br − ) respectively, to produce HOCl (hypochlorous acid) and HOBr (hypobromous acid) [2, 3] . However, oxidation of SCN − (thiocyanate ions) by MPO and EPO is also important, as SCN − is the preferred substrate for these peroxidases at physiological halide ion concentrations (100-140 mM Cl − , 20-100 μM Br − , < 1 μM I − and 120 μM SCN − ) [3, 5, 6] . It has been estimated that approx. 50 % of the H 2 O 2 consumed by MPO oxidizes SCN − under physiological conditions, with most of the remaining H 2 O 2 (approx. 45 %) being used to oxidize Cl − , based on the specificity constants of 1:60:730 for Cl − , Br − and SCN − respectively [5] . HOCl is known to play an important role in the oxidative damage observed in various pathologies, as evidenced by the detection of a specific biomarker for this oxidant, 3-chlorotyrosine, in diseased tissue (e.g. [7] ). Similarly, detection of 3-bromotyrosine implies a critical role of HOBr in the tissue damage observed in asthma, allergic reactions, malignancies and infections (reviewed in [1] ). In contrast, the role of SCN − -derived oxidants in disease is not well understood, mainly due to a lack of specific biomarkers for SCN − -mediated damage. The importance of SCN − -derived oxidants produced by MPO in atherosclerosis has been highlighted by the detection of elevated levels of carbamylated proteins in plaques [8] . Moreover, plasma concentrations of SCN − , which are elevated in smokers [9] , correlate significantly with early markers of atherosclerosis, including deposition of oxidized lipoproteins in the artery wall and the formation of lipid-laden macrophages (foam cells) [10, 11] .
It has been proposed that the oxidation product responsible for the antibacterial activity of the LPO/H 2 O 2 /SCN − system is HOSCN (hypothiocyanous acid) [12] [13] [14] [15] [16] [17] [18] . The proposed mechanism of SCN − oxidation by the peroxidase and H 2 O 2 are outlined in eqns (1) (2) (3) 
The pK a of HOSCN is 5.3 [14] , therefore a mixture of both the protonated form and anion OSCN − will exist at physiological pH. HOSCN may not be the only SCN − -derived oxidant, as HOSCN decomposes readily in aqueous solution to form other reactive species [14, 16, 17] . HOSCN is used to represent this mixture hereon. The nature of these decomposition products remains controversial, with evidence for the production of (SCN) 2 (thiocyanogen) [19, 20] , HO 2 SCN (cyanosulfurous acid) [13] , HO 3 SCN (cyanosulfuric acid), (SCN) 3 − (trithiocyanate) [21] and CN − (cyanide) [16, 17] . OCN − (cyanate) is a product of the EPO and MPO/H 2 O 2 /SCN − systems [8, 22] , and radical species, such as SCN ᭹ , OSCN −᭹ or (SCN) 2 −᭹ may also play a role in biological damage [23] [24] [25] . The yield of SCN − -derived oxidants may be increased in vivo, by the reaction of SCN − with HOCl and HOBr [26, 27] .
Although it is well-established that HOSCN exerts potent bactericidal and bacteriostatic effects, the mechanism(s) of this process are unclear, although there is evidence to suggest that thiol oxidation and protein modification play an important role [15, 28, 29] . Similarly, oxidation of cellular thiols plays an important role in HOSCN-mediated damage to mammalian cells [3, [30] [31] [32] . Although protein thiol groups are known to be particularly susceptible to HOSCN-induced oxidation [29, 33] , there are a significant number of proteins that lack this functional group. Currently, there is little information available regarding the reactivity of other protein sites, or the consequences of HOSCNinduced protein oxidation.
In the present study, the reactivity of HOSCN, generated enzymatically by the LPO/H 2 O 2 /SCN − system, with different thioland non-thiol containing proteins and plasma has been investigated. With HSA (human serum albumin) and plasma, it is shown that HOSCN reacts preferentially with the free thiol group. However, in the absence of the thiol group, or after consumption of this species, tryptophan residues are important targets for HOSCN-mediated oxidation. The HOSCN-induced oxidation of tryptophan residues results in the formation of several stable products, and results in a loss of protein integrity via unfolding.
MATERIALS AND METHODS

Reagents
Nanopure water was filtered in a four-stage Milli-Q system (Millipore). pH control was achieved using 0.1 M sodium phosphate buffer (pH 7.4) pre-treated with Chelex resin (BioRad) to remove contaminating trace metal ions. HSA (essentially fatty-acid free), STI (soya bean trypsin inhibitor, type 1-S), lysozyme (type C from chicken egg) and myoglobin (from horse heart) were obtained from Sigma-Aldrich. H 2 18 O was obtained from Novachem. All other chemicals were of analytical reagent grade. H 2 O 2 [30 % (v/v) solution; Merck] was quantified by UV absorbance at 240 nm using a molar absorption coefficient (ε) of 39.4 M −1 · cm −1 [34] . Plasma was obtained from heparinized blood donated by multiple volunteers (males and females), with full written consent in accordance with local ethical guidelines, by centrifugation at 1000 g for 20 min at 4
• C. Plasma was divided into aliquots and stored at − 80
• C immediately after separation.
Generation and quantification of HOSCN
HOSCN was produced enzymatically using LPO (from bovine milk; Calbiochem) as described previously [30] . Catalase (from bovine liver, 140 units; Sigma-Aldrich) was added to remove unreacted H 2 O 2 before filtration by centrifugation (10 000 g for 5 min at 4 • C) through nanosep devices (Pall Life Sciences) with a 10 000 Da molecular-mass cut-off to remove catalase and LPO. The concentration of HOSCN (and other oxidizing decomposition products) was assessed immediately by the use of TNB (5-thio-2-nitrobenzoic acid). HOSCN is used to represent this potential mixture of species hereon. TNB was prepared as described previously [35] . The concentration of TNB consumed after the reaction with HOSCN for 5 min was determined at 412 nm using a molar absorption coefficient (ε) of 14 150 M −1 · cm −1 [36] .
Quantification of protein thiols
The concentration of protein thiol groups was assessed by reaction with DTNB (5,5 -dithio-2-nitrobenzoic acid). HSA (1.5 mM) and plasma (diluted 2.5-fold) samples were added to DTNB (500 μM) at pH 7.4 in sodium phosphate buffer (0.1 M). Samples were incubated for 30 min at 20
• C in the dark, before measuring the gain in absorbance at 412 nm and quantification of the thiols with a molar absorption coefficient (ε) of 13600 M −1 · cm −1 [36] . − to the protein were performed using solutions prepared in the absence of LPO. HOS 14 CN was added to HSA (25 μM) and incubated for 15 min-24 h before precipitation with 10 % (w/v) TCA (trichloroacetic acid). Protein was pelleted by centrifugation (10 000 g for 5 min at 4
• C), and the free S 14 CN − label was removed by washing the protein pellets twice with 5 % (w/v) TCA and twice with ice-cold acetone. Protein pellets were air-dried and re-suspended in 100 μl of formic acid before addition to 5 ml of Ultima Gold scintillant (PerkinElmer) and liquid scintillation counting.
Protein hydrolysis and amino acid analysis by HPLC
Proteins (5 μM) and plasma (diluted 10-200-fold) were incubated with HOSCN before precipitation with 0.015 % sodium deoxycholate and 5 % (w/v) TCA, pelleting, washing, solubilization in 4 M methanesulfonic acid containing 0.2 % tryptamine (Sigma-Aldrich), and hydrolysis as described previously [37] . The amino acids were separated by HPLC after pre-column derivatization with o-phthaldialdehyde reagent (with 2-mercaptoethanol added) for 1 min before injection on to an Ultrasphere ODS column (4.6 mm × 250 mm, 5 μm particle size; BeckmanCoulter) and separation on a Shimadzu HPLC system, at 30
• C and 1 ml · min −1 , as described previously [37] . Amino acid derivatives were quantified by fluorescence at λ Ex 340 nm and λ Em 440 nm, with amino acid standards [Sigma-Aldrich; with methionine sulfoxide added].
Preparation of apomyoglobin
Haem-depleted apomyoglobin was prepared by dropwise addition of ice-cold, acidified [with 1 % (v/v) HCl] acetone containing 0.1 % 2-mercaptoethanol to a solution of myoglobin (0.1 g · ml −1 ) while vortex mixing, as described previously [38] . The protein was pelleted by centrifugation at 500 g for 15 min, washed twice with ice-cold acetone, and allowed to air dry. Complete removal of the haem group was confirmed by the absence of the Soret band (400-420 nm) by visible spectroscopy (results not shown).
LC/MS peptide mass mapping studies
Myoglobin (50 μM) was treated with HOSCN (0-500 μM) for 30 min before addition of 5 % (w/v) TCA to precipitate the protein, and pelleting by centrifugation (7500 g for 5 min at 4
• C). Pellets were solubilized (in 8 M urea and 0.4 M NH 4 HCO 3 ) after washing twice with ice-cold acetone. Proteins were reduced with 45 mM DTT (dithiothreitol) for 15 min at 50
• C and alkylated with 100 mM iodoacetamide for 15 min at 21
• C prior to 4-fold dilution with H 2 O and digestion with trypsin (sequencing grade, Promega; 235 units for 18 h at 37
• C). Digestion was terminated by the addition of 0.02 % TFA (trifluoroacetic acid).
The resulting peptides were analysed by LC/MS in the positiveion mode with a Finnigan LCQ Deca XP ion-trap instrument coupled to a Finnigan Surveyor HPLC system. Peptides were separated on a Zorbax ODS column (3.0 mm × 250 mm, 5 μm particle size; Agilent Technologies) at 30
• C with a flow rate of 0.4 ml · min −1 using the following gradient: 5-10 % B (solvent B is 0.1% TFA in acetonitrile) over 5 min, 10-20 % B over 10 min, 20-50 % B over 20 min, 50-100 % B over 5 min, with a 15 min wash at 100 % B before 10 min re-equilibration to 5 % B with solvent A (0.1 % TFA in H 2 O). The electrospray needle was held at 4500 V. Nitrogen, the sheath and sweep gas, were set to 80 and 10 units respectively. The collision gas was helium. The temperature of the heated capillary was 250
• C.
Quantification of protein unfolding by fluorescence binding
The fluorescence of the hydrophobic probe, ANS (8-anilino-1-napthalenesulfonic acid), on addition to native and oxidized STI was monitored at λ Ex 387 nm and λ Em 479 nm as previously described [35] . Samples contained 5 μM protein and ANS to a final concentration of 90 μM.
Statistical analyses
Statistical analyses to compare the effect of HOSCN treatment with the untreated control were carried out using one-way ANOVA with Dunnett's post-hoc test. A two-way ANOVA with Bonferroni post-hoc testing was employed to compare the incorporation of the 14 C isotope in experiments with HSA and HOS 14 CN under different experimental conditions. The correlation of STI tryptophan oxidation with protein unfolding was carried out by linear regression analysis. All statistical analyses were performed using GraphPad Prism 4 (GraphPad Software; http://www.graphpad.com), with P < 0.05 taken as significant.
RESULTS
Reactivity of protein thiol groups with HOSCN
Reaction of HSA (1.5 mM) with various concentrations of HOSCN (0-600 μM) at pH 7.4, resulted in a dose-dependent increase in the consumption of thiol groups, quantified by the DTNB assay (Figure 1a) . In each case, the concentration of protein was in excess (at least 2.5-fold) of the oxidant to minimize any confounding reaction of the HOSCN with the TNB generated on the reaction of DTNB with the protein thiols. Similar results were obtained in experiments with plasma ( Figure 1b) . With HSA and plasma, the reaction of HOSCN with protein thiols occurred with a stoichiometry of one HOSCN molecule consumed per thiol group.
The presence of residual HOSCN remaining after the reaction with HSA or plasma was examined using the TNB assay. With HSA, 85-90 % of the added HOSCN was consumed, even at the highest concentration of HOSCN added (600 μM), which was in excess of the protein thiol concentration (results not shown). A similar extent of oxidant consumption (75-80 %) was observed in the corresponding experiments with plasma (results not shown). It is likely that these data are an underestimation of the concentration of oxidant consumed, as any protein-derived reactive intermediates (e.g. RN-SCN) will also react with TNB.
Reaction of HOSCN with other protein sites
The potential reactivity of HOSCN with other sites on proteins was investigated initially by quantifying the incorporation of 14 C (Figure 2a ). However, a significant (P < 0.01, two-way ANOVA) proportion of the 14 C label remained associated with the HSA on treatment with higher concentrations ( 25 μM, equimolar or greater oxidant to protein) of HOS 14 CN, after treatment with DTT, compared with the LPO-free control ( Figure 2a ). The incorporation of 14 C was lower in the presence of DTT with approx. 1 in 500 and 1 in 100 molecules of HSA modified in experiments with equimolar and 5-fold molar excess HOS 14 CN respectively. This suggests that in addition to the reaction with thiol groups, HOS 14 CN reacts with other protein sites to generate products containing the 14 C label that are not able to be reduced by DTT.
The incubation time of HSA (25 μM) with HOS 14 CN (25 μM) before precipitation of the protein was varied (5 min-24 h), to investigate the stability of the 14 C-labelled products. In the absence of added DTT, the extent of 14 C incorporation into HSA was dependent on the incubation time with HOS 14 CN. The amount of 14 C-label incorporated into HSA decreased rapidly over 60 min, showing that the DTT-reducible products were unstable (Figure 2b ). In contrast, the level of 14 C-label incorporation . In (a) letters 'a' and 'b' over bars represent a significant increase (P < 0.05) in the incorporation of 14 C compared with the control treated with oxidant-free S 14 CN − solutions in the absence and presence of DTT respectively, using two-way ANOVA with Bonferroni post-hoc testing. In (c) * represents a significant increase (P < 0.05) in 14 C incorporation compared with earlier time points by one-way ANOVA with Neuman-Keuls post-hoc testing. In (d) * represents a significant increase (P < 0.05) in 14 C incorporation compared with freshly prepared oxidant, by two-way ANOVA with Bonferroni post-hoc testing. In all cases, values are means
observed in the experiments with added DTT was not dependent on the incubation time of the protein with HOS 14 CN over 6 h ( Figure 2c ). However, a small, but significant, increase in the HSA 14 C incorporation was observed after 24 h incubation when DTT was added (Figure 2c ). This suggests that 14 C-labelled products are also formed to a minor extent via reactions of HOS 14 CN decomposition products, or via secondary reactions mediated by protein-derived reactive intermediates. Analogous experiments were performed with aged HOS 14 CN solutions that had been pre-incubated for 48 h, to allow decomposition of the HOS 14 CN, prior to addition to the HSA. This treatment resulted in the loss of approx. 80 % of the TNB-reactive species (results not shown). Reaction of HSA (25 μM) with aged HOS 14 CN solutions for 30 min resulted in a significant increase in the formation of reducible 14 C-products, but a decrease in the concentration of nonreducible 14 C-products, compared with experiments with freshly prepared oxidant (Figure 2d) .
Carbamylation (addition of -CONH 2 ) of lysine residues has been reported on reaction of MPO/H 2 O 2 /SCN − with isolated proteins [8] . Thus the formation of stable, 14 C-labelled material on reaction of poly-lysine (10 mg · ml −1 ) with HOS 14 CN (125 μM) for 30 min at pH 7.4 was studied. In this case, the 14 C incorporation observed was completely reversible on addition of DTT, with no evidence obtained for stable products (Figure 3 ). This suggests that the stable products observed with HSA are not due to carbamylation or other lysine-derived modifications. Experiments were also performed to assess whether these lysine-derived products were able to oxidize TNB, in accordance with previous experiments with HOCl and HOBr, where TNB-reactive chloramines and bromamines are formed (e.g. [35, 39] ). Reaction of poly-lysine (5 mg · ml −1 ) with HOSCN (250 μM) for 30 min at pH 7.4 resulted in the formation of polymer-derived, TNBreactive species (33.8 + − 2.9 μM). Care was taken to remove any residual HOSCN using a Sephadex PD-10 column before quantification of the polymer-derived species using the TNB assay.
The relative susceptibilities of the different amino acids in HSA to damage by HOSCN was investigated by amino acid analysis using HPLC. HSA (5 μM) was treated with various concentrations of HOSCN (5-750 μM, equimolar to 150-fold molar excess) for 30 min before precipitation of the protein, hydrolysis with methanesulfonic acid, derivatization and analysis by HPLC with fluorescence detection. This treatment resulted in a dose-dependent decrease in the concentration of tryptophan residues with increasing amounts of HOSCN (Figure 4a ). No loss of any other amino acid quantified by this method (methionine, histidine, tyrosine, lysine, arginine, serine, glycine, threonine, alanine, valine, isoleucine, leucine and phenylalanine) was observed. Similarly, there was no increase in the formation of the oxidation product methionine sulfoxide (results not shown). The extent of tryptophan oxidation was significant (P < 0.05, oneway ANOVA) on reaction of HSA with equimolar HOSCN, where complete depletion of the protein thiol groups was observed ( Figure 1 ). Significant tryptophan oxidation was also observed on reaction of plasma with HOSCN under conditions where depletion of plasma thiols was observed ( 2.5 μmol of HOSCN per ml of undiluted plasma; Figure 4b ). Varying the incubation time (5 min-6 h) of the protein or plasma with HOSCN had no significant effect on the extent of tryptophan oxidation (results not shown).
Tryptophan oxidation was also observed on treating non-thiol proteins, including myoglobin, lysozyme and STI with HOSCN ( Figure 4c ). However, no evidence for loss of tryptophan was obtained on treating free tryptophan, N-acetyl-tryptophan methyl ester, Gly-Trp-Gly or Gly-Lys-Arg-Trp-Gly with HOSCN (results not shown). These results indicate that the location or environment of the tryptophan residues is critical to the reaction. With myoglobin, as the loss of tryptophan was particularly striking, the effect of the haem group was investigated in experiments with the haemdepleted protein, apomyoglobin. With apomyoglobin, the extent of tryptophan oxidation was less marked, with a significant loss of tryptophan observed on reaction of the protein with a 20-fold molar excess of HOSCN, compared with a 5-fold molar excess of oxidant with native myoglobin (Figure 4c ). Moreover, a small shift in the UV-visible absorbance spectrum of the myoglobin in the 450-650 nm range, consistent with modification of the haem group, was observed after treating the protein with HOSCN (5-and 10-fold molar excess) (results not shown). The relative proportions of ferricmyoglobin (Mb III ) and ferrylmyoglobin (Mb IV ) were determined on the reaction of myoglobin (25 μM) with HOSCN (250-500 μM), using the Whitburn equations (eqns 4 and 5) [40] .
[ 
The spectral changes observed were consistent with a loss (approx. 15 %) of Mb III , with no significant formation of Mb IV observed. Control experiments with SCN − and myoglobin resulted in different spectral changes, with a new shoulder peak observed at 545 nm, consistent with the formation of SCNmyoglobin [41] . Thus the nature of the haem product formed on treating myoglobin with HOSCN is not certain.
LC/MS peptide mass mapping studies with HOSCN-treated myoglobin
As the loss of tryptophan observed with myoglobin was particularly marked (Figure 4c ), the structure of the tryptophan-derived oxidation products formed on HOSCN-treated myoglobin was investigated in LC/MS peptide mass mapping studies. Reaction of myoglobin (50 μM) with HOSCN (10-500 μM) for 30 min before trypsin digestion, resulted in the loss of the peptide that contains both tryptophan residues (GLSDGEWQQVLNVWGK, m/z 1816.8) (Figure 5a ). In contrast, there was no significant change in the concentration of the other peptides detected, including the methionine-containing peptides (HPGDFGADAQGAMTK, m/z 1502.6 and HLKTEAEMK, m/z 1086.6), in accordance with the amino acid analysis results reported above. The peptides were identified by searching the NCBI database (http://www.ncbi. nlm.nih.gov) using the Sequest search engine. The loss of the tryptophan-containing peptide corresponded with the detection of four new species: two major product peptides with m/z 1848.8 ( Figure 5b ) and 1880.8 (Figure 5c ), and two minor product peptides with m/z 1832.8 and 1864.8 (results not shown). These mass-to-charge ratios correspond to the addition of 32, 64, 16 and 48 atomic mass units respectively, relative to the native peptide (m/z 1816.8), and are consistent with the addition of two, four, one and three oxygen atoms. These products were only observed on addition of freshly prepared HOSCN, and were not detected with aged (decomposed) solutions of HOSCN (Figure 5d) . Similarly, no loss of the tryptophan-containing peptide or product formation, was observed on addition of solutions prepared in the absence of either LPO, H 2 O 2 or SCN − (Figure 5d + peptide (m/z 1848.8), the series of both y and b fragment ions observed corresponding to cleavages along the peptide backbone, supported the assignment of the addition of two atoms of oxygen to either Trp 7 or Trp 14 ( Figure 6 and Table 1 ). It appears that the peptide modified by + 32 at Trp 14 elutes slightly earlier than the corresponding peptide with modification at Trp 7 . Thus the XC (cross correlation score) values on comparing the spectra from the Trp 14 + 32 product were higher at a retention time of 27.4 + − 0.2 min, whereas the Trp 7 + 32 product had higher XC values at a retention time of 27.9 + − 0.2 min (Table 1) . In each case, these values were markedly higher than the XC observed for Figure 6c and Table 1 ). Data-dependent MS/MS analyses were not performed with the minor product peptides (m/z 1832.8 and 1864.8) owing to the low abundance of these species.
There was no difference in the nature or concentration of the products observed on treating myoglobin (50 μM) with HOSCN (50-250 μM) in the presence or absence of oxygen (results not shown). However, a series of product peptides containing one or more 18 O atoms were observed on treating myoglobin with a 5-fold molar excess of HOSCN in the presence of 50 % (v/v) H 2 18 O (Figure 7 ). In this case, the doubly charged species (Figure 7 ). With the + 64 peptide, products were observed with m/z 940.6, 941.6, 942.6, 943.6 and 944.6, which corresponded to the doubly charged species with m/z 1880.8, 1882.8, 1884.8, 1886.8 and 1888.8 owing to the incorporation of one, two, three or four 18 O atoms respectively ( Figure 7 ). This demonstrates that the tryptophan products contain oxygen atoms from H 2 O rather than O 2 .
The concentration of the parent peptide (m/z 1816.8) and two major product peptides (m/z 1848.8 and 1880.8) was determined by SRM (selective reaction monitoring) ( Table 1 ). The two
+ peptides were quantified together, owing to the poor resolution of these species and formation of an intense, common, fragment ion (b 14 , m/z 1645.8). As the methioninecontaining peptide (m/z 1502.6) is not oxidized by HOSCN (see above), this peptide was employed as an internal standard to account for differences in peptide recovery and any variation in MS ionization efficiencies between samples. The concentration of the product peptides formed was dependent on the molar excess of HOSCN added. With equimolar HOSCN, the [M + 32 + H] + peptides (m/z 1848.8) were the major species formed ( Figure 5) ; however, the relative concentration of this product decreased, and an increase in the concentration of the [M + 64 + H] + peptide (m/z 1880.8) was observed with > 2-fold molar excess of HOSCN ( Figure 5 ). This is consistent with the further oxidation of the + 32 peptide to the + 64 peptide in the presence of a higher concentration of HOSCN.
The susceptibility of the tryptophan residues on myoglobin (50 μM) to oxidation by HOSCN (250 μM) in the presence of GSH (0-500 μM) was also investigated. A less marked decrease in the concentration of parent tryptophan peptide was observed on addition of HOSCN to myoglobin in the presence of a 5-fold molar excess GSH (compared with protein) (Figure 8a 
Effect of HOSCN on protein integrity
Protein unfolding was investigated using the fluorescent hydrophobic probe ANS and STI, which has been examined previously in studies with HOCl and HOBr [35, 39] . Reaction of STI (5 μM) with HOSCN (5-500 μM, equimolar to 100-fold molar excess) for 30 min prior to addition of ANS, resulted in an increase in ANS fluorescence, consistent with protein unfolding (Figure 9a) . A significant correlation (P = 0.0047) was obtained on comparison of the extent of protein unfolding induced by HOSCN with the level of tryptophan oxidation, as assessed by amino acid analysis, using linear regression and correlation analysis (Figure 9b ).
DISCUSSION
It is well-established that excessive or misplaced production of HOCl from MPO results in tissue damage that is important in disease, particularly in inflammatory disorders [42, 43] ; however, it is predicted that similar amounts of HOCl and HOSCN will be produced under physiological conditions, as the favoured substrate for MPO is SCN − [5]. HOSCN may also play a role in the initiation of cellular damage, as although HOSCN is a less powerful oxidant than HOCl, it is more selective, particularly for thiol groups, and as such may cause more extensive damage to susceptible sites [22] . In the present study, the reaction of HOSCN with both thiol-containing proteins, and proteins that lack this functional group, has been examined. HOSCN-induced protein modifications have been examined previously, using a LPO/H 2 O 2 /SCN − system [12, 16, 28, 33] . However, the presence of the peroxidase enzymes in these studies prevents contributions arising from direct oxidation of the target by activated haem being discerned from those of HOSCN [12, 16, 28, 33] . Tyrosine binds at the active site of LPO, which may facilitate the reaction between tyrosine and products of SCN − oxidation in experiments carried out in the presence of the peroxidase [28] . It has also been suggested that, in the presence of the complete LPO system, an enzyme-bound, oxidized form of SCN − such as SCN + is a precursor for formation of (SCN) 2 [12] . Hence, in the present study, the LPO (and catalase that is added to remove any residual H 2 O 2 ) was removed by filtration prior to reaction of HOSCN with the proteins. The results reported here can therefore be directly attributed to HOSCN and materials derived therefrom, and not from direct peroxidase reactions.
With HSA and plasma, HOSCN reacts preferentially with the free thiol group, with an apparent stoichiometry of one HOSCN molecule consumed per thiol group. However, it is possible that residual HOSCN may react with the TNB generated on reaction of the thiols with DTNB during thiol quantification; this would result in an underestimation of the extent of thiol oxidation. In order to minimize this confounding reaction, care was taken to ensure the protein was present in at least a 2.5-fold molar excess compared with HOSCN. Moreover, in each case, typically > 80 % of the initial oxidant added was consumed on quantification by the TNB assay. However, this may be an underestimate of the extent of oxidant consumption if protein-derived oxidizing intermediates, such as RN-SCN derivatives, are formed. The 1:1 stoichiometry is consistent with previous studies [33] , and is attributed to the formation of sulfenyl thiocyanate (RS-SCN) derivatives (eqn 6), which subsequently undergo further oxidation or decomposition. There is evidence that RS-SCN derivatives can react with another thiol to form a disulfide bond, which results in the consumption of two thiol groups per molecule of HOSCN (eqn 7):
Eqn (7) is slow in comparison with eqn (6), probably as a result of steric constraints to disulfide bond formation, which is greater in the case of proteins compared with small substrates such as GSH [33, 44] . The RS-SCN adducts generated on reaction of HOSCN with protein thiols are significantly more stable than the sulfenyl chloride (RS-Cl) adducts formed in analogous experiments with HOCl [45] .
The reaction of HOSCN with other residues was investigated by determining the ability of the proteins to incorporate a 14 C label on treatment with HOS 14 CN. With HSA, 14 C from HOS 14 CN was incorporated in both a reversible and non-reversible manner.
Treating the protein with low concentrations of HOS 14 CN, resulted in completely reversible 14 C incorporation on addition of the reductant DTT, consistent with the formation of RS-S 14 CN adducts [33] . With higher concentrations of HOS 14 CN, a significant amount of the incorporated 14 C label (10 % and 30 % with equimolar and 5-fold molar excess oxidant respectively) remained associated with the protein after DTT treatment. However, these products are minor species, typically accounting for 1 % of the added HOS 14 − as a minor product [8, 22] . Reaction of OCN − with the free amino groups of lysine residues results in carbamylation [46] . It is possible that OCN − may also be produced in LPOmediated oxidation of SCN − and that protein carbamylation could contribute to the non-reversible incorporation of 14 C into HSA. However, reaction of HSA with aged HOS 14 CN resulted in a decrease in the concentration of stable 14 C products, and no evidence for loss of lysine residues was obtained in amino acid analysis experiments. Moreover, only DTT-reversible incorporation of 14 C was observed on treating poly-lysine with HOS 14 CN. This reversible incorporation of 14 C is attributed to the formation of amino thiocyanate (R-NH-SCN) derivatives (eqn 8). This assignment is supported by the detection of high-molecular-mass TNB-reactive products on reaction of poly-lysine with HOSCN. This was unexpected, as it has been reported previously that RNH-SCN derivatives formed on reaction of free amine groups with HOSCN are readily hydrolysed in aqueous solutions (eqn 9) [12] :
Non-reversible incorporation of S 14 CN − and 35 SCN − into proteins has been observed previously in studies with the LPO system and BSA [28] . This incorporation was attributed to modification of tyrosine, histidine and tryptophan residues based on the results from studies with isolated poly-amino acids [28] . It was suggested that (SCN) 2 was produced by LPO-catalysed oxidation of SCN − , which modified the proteins in a similar manner to halogenation, as similar results were obtained in studies with chemically generated (SCN) 2 . However, as these studies were carried out in the presence of LPO, it is also possible that the oxidation of the aromatic amino acids was due to direct peroxidase-mediated chemistry.
Reaction of HSA with HOSCN resulted in the loss of tryptophan residues, in contrast with experiments with HOCl and HOBr where histidine, tyrosine, methionine, lysine and arginine residue oxidation occurs in addition to reaction with tryptophan (e.g. [35, 39] ). Tryptophan oxidation was observed in experiments with plasma, suggesting that these residues are able to compete effectively with other plasma components, such as ascorbate, for HOSCN. Tryptophan oxidation was also observed on reaction of HOSCN with other proteins, including myoglobin, apomyoglobin, lysozyme and STI. A greater extent of tryptophan loss was observed with myoglobin compared with the haem-depleted apomyoglobin, suggesting that the haem group plays a role in the HOSCN-mediated tryptophan oxidation in this case. This is supported by the detection of shifts in the myoglobin UV-visible spectrum, and loss (approx. 15 %) of Mb III . The identity of the haem product is not certain, as the spectral shifts observed are not consistent with the formation of Mb IV , MbO 2 (oxymyoglobin) or SCN-myoglobin. However, significant tryptophan oxidation is still observed on reaction of HOSCN in the absence of the haem group (with apomyoglobin), with the extent of tryptophan loss similar to experiments with non-haem proteins.
In contrast, tryptophan oxidation was not observed in experiments with HOSCN and the free amino acid, or small peptides, including N-acetyl-tryptophan-methyl ester, Gly-TrpGly or Gly-Lys-Arg-Trp-Gly. This may be due to the tertiary structure of the protein, making the interaction of HOSCN with tryptophan residues more favourable. Alternatively, the oxidation of tryptophan residues may be mediated by a protein-derived, reactive intermediate, such as RNH-SCN. Protein-derived chloramines (RNH-Cl) and bromamines (RNH-Br) can readily oxidize tryptophan residues [35, 39] , and evidence has been obtained in the present study for the formation of RNH-SCN species on polylysine. Moreover, histidine and imidazole are able to enhance the stability of HOSCN/OSCN − through the formation of more stable, oxidizing, RN-SCN derivatives [12] . The formation of such histidine-derived species was not investigated in the present study owing to the insolubility of poly-histidine at pH 7.4. However, generation of protein-derived TNB-reactive products on treatment with HOSCN was not observed, and no loss of tryptophan was observed with Gly-Lys-Arg-Trp-Gly.
The identity of the tryptophan-derived products was investigated in LC/MS experiments with tryptic digests of HOSCN-treated myoglobin, as the tryptophan residues of this protein were particularly sensitive to oxidation by HOSCN. Both myoglobin tryptophan residues (Trp 7 and Trp 14 ) are located on the same peptide, GLSDGEWQQVLNVWGK (residues 1-16), after digestion with trypsin. Evidence was obtained for the formation of four product peptides, consistent with the addition of one to four oxygen atoms, together with the parent tryptophan peptide. The major product peptides observed were + 32 and + 64 atomic mass units greater than the mass of the parent peptide. 2 18 O, and the lack of a significant difference in reactivity observed on performing the experiments in the absence of O 2 . The relative intensity of these product peaks is slightly different to the predicted 1:2:1 (for the + 32 products) and 1:4:6:4:1 (for the + 64 products), which may be associated with the presence of multiple additional products containing (natural abundance) 13 C. No evidence was obtained for the incorporation of carbon atoms (e.g. OCN, CN, Scheme 1 Proposed mechanism of the reaction of HOSCN with protein-derived tryptophan residues SCN), as expected from the observation of stable 14 C-containing products in the HSA/HOS 14 CN experiments. This may be due to a low abundance of these products, as quantification of 14 C by scintillation counting is highly sensitive, or instability under the MS conditions employed.
The major product peptides observed are consistent with the addition of two oxygen atoms to tryptophan residues. Reaction of HOCl with tryptophan is reported to result in the formation of oxygenated products containing mainly a single oxygen atom, including oxindolyalanine or 2-hydroxytryptophan, which are generated via a 3-chloroindolenine or N-chloroindole species [47] . It has also been proposed that HOCl induces the formation of 5,7-dihydroxy-2-indolone (addition of three oxygen atoms), but this assignment was made solely on the basis of UV absorbance spectra [48] . Other studies of the oxidation of tryptophan using chlorine dioxide (ClO 2 ) show evidence for the formation of NFK (N-formylkynurenine) [49] . This latter product was also observed on treating proteins with Fe(II)-EDTA/H 2 O 2 , but not HOCl [50] . NFK, together with other oxygenated derivatives of tryptophan, including oxindolyalanine and dioxindolyalanine, are also observed during photo-oxidation reactions [51] .
It is believed that the dioxygenated tryptophan products observed on treating myoglobin with HOSCN are due to the formation of dioxindolyalanine or NFK which, by analogy with HOCl, may occur via the formation of an indole-SCN intermediate (Scheme 1). Thus related alkyl-SCN derivatives, including tertbutyl-SCN can be readily synthesized and isolated [52] . The stability of these species is not certain, although it is possible that the formation of tryptophan-SCN intermediates may account for a proportion of the 14 C incorporation observed in experiments with HOS 14 CN. It may be that the dioxygenated products are favoured with HOSCN rather than HOCl owing to the more ready displacement of SCN − compared with Cl − by H 2 O. However, the reaction mechanism and assignment of these products is tentative, and further experiments are in progress to determine the exact structure of these species.
Loss of the tryptophan parent peptide and formation of the + 32 and + 64 product peptides was also observed on treating myoglobin with HOSCN in the presence of excess (compared with protein or oxidant) GSH and ascorbate. A significant reduction in tryptophan oxidation to control levels was only observed when the GSH was present in a 10-fold molar excess compared with protein, or a 2-fold molar excess compared with HOSCN. Ascorbate was not as effective at protecting tryptophan from HOSCN-mediated oxidation, with a reduction in oxidation to control levels observed with a 25-fold molar excess of ascorbate compared with protein, or a 5-fold molar excess compared with HOSCN. These results suggest that tryptophan residues compete effectively with low-molecular-mass scavengers, such as GSH and ascorbate, for HOSCN, and are consistent with the plasma studies. These results appear to be in contrast with the HSA results, where significant tryptophan oxidation is only observed on consumption of the protein thiol group. This may be associated with the presence of the haem group in myoglobin increasing the relative reactivity of the tryptophan residues in this case. GSH and ascorbate also reduced the HOSCN-mediated oxidation of the + 32 product peptides to the + 64 product peptide. These compounds may be acting by either directly scavenging HOSCN, or by quenching potential protein-derived reactive intermediates. It is well-established that GSH reacts readily with HOSCN [44] , but no information is available regarding the reaction of this oxidant with ascorbate.
HOSCN also induced protein unfolding, which correlated significantly (P < 0.0047) with the level of tryptophan oxidation, in accordance with previous studies with HOCl and HOBr [35, 39] . The ability of HOSCN to mediate unfolding is of potential significance, as HOCl and HOBr can induce inactivation of proteinase inhibitors via the oxidation of key aromatic residues, with resultant protein unfolding compromising the ability of the inhibitor to form a complex with the protease substrate [35, 39] .
In summary, protein thiol groups are oxidized preferentially by HOSCN on reaction with HSA and plasma. However, tryptophan residues are also important targets for HOSCN. The HOSCNmediated oxidation of tryptophan residues appears to be specific for proteins, and may occur via the generation of RN-SCN derivatives. The reaction of HOSCN with tryptophan is competitive, and occurs in the presence of excess amounts of the antioxidants ascorbate and GSH. The tryptophan-derived oxidation products were characterized with myoglobin in LC/MS/MS experiments where evidence was obtained for the formation of 
